A method is presented to apply solid powder/granulate contamination (ground coffee and blood powder) in between the heat conductive seals of flexible packaging materials. A response surface method is tested and validated to optimize seal strength of heat conductive sealing with and without solid contamination. In this study, a maximal seal strength is defined as optimal. Using these methods, three typical packaging films with varying seal layer composition (metallocene linear low-density polyethylene (LLDPE), plastomer, and sodium ionomer) are maximized towards contaminated 1 Industrial research in the past showed that one-third of sealed packages are of an insufficient quality. 2,3 Therefore, the tightness of the package, which is in general essential to prevent microbial and biochemical degradation of food, cannot be guaranteed. For 65% of the packages that show seal defects, contamination in between the seal layers is the major cause. 3 Only 16% of the packers perform an
inspection of all produced goods. The majority just inspects samples with an interval of 30 minutes. 3 One way to prevent seal defects as a result of contamination is to work with materials that are able to seal through contamination at particular seal settings to decrease the amount of defective packages. Several polyethylene (PE)-based packaging materials have been developed with a good seal performance through contamination in the last decades. Examples of these materials are metallocenecatalysed linear low-density PE (LLDPE), polyolefin plastomer, and ionomer. 4 In scientific and technical papers, several tests are performed on packaging films with contaminated seals such as seal strength, leak rate, and degree of particle encapsulation (caulkability). [5] [6] [7] [8] [9] This study is focussed on seal strength. Hot tack tests are performed to evaluate the resistance of packaging films against spring back forces. 6, 7, 9, 10 The relation of seal through contamination and hot tack performance is part of this study. In the last decades, the influence of seal material composition on the contaminated seal performance was the topic of a limited amount of studies, and these studies did not include a well-described application method for solid contamination. 5, 6, 8, 9 Moreover, there are no methods described in these studies to obtain the optimal or maximal seal performance through contamination.
| OBJECTIVES
The main objective of this study is to present a method to optimize the granular-contaminated seal strength of packaging films. Firstly, a protocol to apply solid contamination in a standardized way is described, this protocol was missing in previous studies with powder or granulate contamination. Secondly, an optimization method is presented that is based on a previous study on ultrasonic sealing. 11 In this study, a similar methodology is used in order to receive information on the influence of all relevant seal parameters on the heat conductive sealing process based on a limited number of carefully selected experiments.
A second objective is to evaluate the influence of variation in seal layer composition (metallocene PE, plastomer, and ionomer) on the seal through contamination performance (seal strength, width process window, and leak tightness) by using the application and optimization methods of this study. Hot tack tests are evaluated as predictive tests for contaminated seal performance.
3 | MATERIALS AND METHODS 3.1 | Materials 3.1.1 | Commercial multilayer packaging films for flowpack applications Table 1 shows the multilayer structure of three flowpack films, evaluated and optimized in this study. Each film has a 12-μm thick PE terephtalate (PET) outer layer. A 3-layer blown film line with three nozzles is used for the production of the seal layers. The upper 35 μm has the same composition for the three films, containing a blend of low-density PE (LDPE) and metallocene LLDPE (mLLDPE).
The films differ mainly in the 15-μm lower seal layer. Film 1 has a blend of LDPE and mLLDPE while film 2 has a blend of LDPE and polyolefin plastomer (mLLDPE with a high amount of comonomer) in that area. Both films have 2% processing aid in the lower seal layer.
Film 3 has a 5-μm layer of acid copolymer resin between the 35-μm PE and the 10-μm ionomer layer to ensure the bonding of both layers.
| Contamination types
Two types of solid contamination are used in this study: (a) sieved ground coffee (Delhaize, Belgium; sieved to obtain a particle size between 500 and 630 μm using a Fritsch analysette 3 sieve shaker system) and (b) freeze-dried pork blood powder (Solina, Germany; particles with an average size of 100 μm).
| Methods

| Sample preparation contaminated seals
Films, sealed samples, and solid contamination are stored at a temperature of 23°C and a relative humidity of 50%. The precision balance OHAUS Explorer (Mettler-Toledo International Inc, USA) with readability of 0.0001 g is used for all weighings. Figure 1 shows an illustration of the sample preparation. The sample is cut in machine direction (MD) with a width of 50 mm and an appropriate length to do a seal strength test (in this study the length exceeded 100 mm) (I). An area of 20 by 40 mm is then marked on the film sample. It is important that the chosen length has sufficient extra margin compared with the seal length to ensure that the contamination is distributed over the full length of the seal. In this case, 20 mm is chosen because the used sealer produces 10 mm length seals. The required amount of solid contamination is weighed. In order to facilitate the sealing with contamination, a simple cardboard tool is cut out of a cardboard sheet with an inner hole with larger width and length than the seal jaw. After one film sample is fixed with plastic tape to this cardboard tool, the contamination is applied with a small spoon in the designated area.
In this study, 0.020 g is applied in a 20 × 40-mm 2 region to achieve a 25 g m −2 contamination density. When the contamination is applied and evenly distributed by eye, the second film sample is used to cover with silicon tape to prevent the contamination from sticking to the jaws. After sealing, the amount of contamination, which is not trapped within the seal area, is carefully removed using a small brush (III). 
| Film characterization
| Seal characterization
Seal strength is tested according to ASTM F88 on 15-mm wide sam-
ples. These samples are tested unsupported. Clamp distance is 10 mm, and tensile speed is 300 mm min Samples that pass this dye penetration test are considered as leak tight.
| Maximization of contaminated seal quality
In order to assess the effect of the sealing parameters (temperature, time, and pressure) on the seal quality of both clean and contaminated (coffee and blood powder) seals, the approach presented in D'huys et al was followed. This approach is based on the concepts of design of experiments (DOE) and response surface modelling. The steps will be briefly described below for the case considered in this study.
First, a design space was defined that includes the three most important seal parameters: jaw temperature (°C), seal time (s), and seal
). The effect of these parameters is studied within certain limits. There are no strict rules to set these limits. They can be based on film specifications, on the limits of the sealing process, on the relevance for the application, and/or on results of preliminary tests. In this study, the limits considered for jaw temperature, seal time, and pressure are, respectively, 120°C to 180°C, 0.4 to 1.0 s, and 1.0 to 4.0 N mm
Secondly, an experimental design is set up. In this study, a 20-point I-optimal design was selected, rather than the Box-Behnken design of a previous study. 
where x 1 , x 2 , and x 3 are the three input parameters, seal temperature, time, and pressure, y is the seal strength and ε is the error term. Besides the main effects, the interaction terms and quadratic terms were also considered in the model. Moreover, for pressure, a third-order effect was also included in the model. Nonsignificant effects are removed from the model by an all possible subsets procedure. The model with the best fitting subset of effects is selected. The criteria of this selection are R 2 , Akaike information criterion (AIC), and Bayesian information criterion (BIC). For a more detailed description of the model selection, the reader is referred to the previous study on ultrasonic seals.
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In a fourth step, the response surface model was utilized for optimizing the input variables towards the response (seal strength). In this study, maximum seal strength is defined as an optimal result and was thus assigned a desirability = 1. In addition to determining one optimal parameter setting, a process window can be generated, which for example excludes parameter combinations resulting in seal strength below a certain threshold. In this study, process windows were generated containing only those parameter combinations at which at least 90% of the maximum seal strength is reached.
In a fifth and last step, the optimum was experimentally validated by performing repeated measurements (n = 10) at the optimal settings to check if the predicted optimum lies within the confidence interval calculated from the measured values. The success of the confirmation is assessed by following an approach based on a confidence interval calculation of the confirmation runs (CICon approach) as suggested in previous research. 12, 13 For details, the reader is referred to the previous study on ultrasonic seals. form. This allows to identify similarities and to suggest explanations in differences and similarities of the three packaging films. The melting onset and peak temperatures of the films and granulates in this study are shown in Table 2 . The values of film 1 are in between the values of its main components LDPE and mLLDPE in granulate form. In a previous study on blended films of LDPE and mLLDPE, it was found that the melting point of the blended monolayer was between the values observed for mLLDPE and LDPE films. 14 The melting onset temperature of film 2 is decreased with 5°compared
with film 1. The presence of plastomer instead of mLLDPE in the lower 15 μm of the seal layer is suggested as explanation since plastomer has a lower melting point than mLLDPE. This is indicated by melting peak temperatures of the components in granulate form.
The melting peak temperature of the seal layer of film 2 is close to the value of film 1. Acid copolymer and sodium ionomer presence, which have lower melting points than LDPE, mLLDPE, and plastomer, does not decrease the melting peak and onset temperature of film 3. These components are present in low amount in proportion to LDPE and mLLDPE, and their melting temperatures are probably too low to influence the tangent line, which is used to obtain the onset temperature.
The hot tack strength is relevant for sealing through solid particles as these particle can push the seal layers away from each other directly after opening the hot jaws when the seal is still hot. 15 This spring back effect is similar when wrinkles are present. The effect is discussed in several papers. deeper entanglement, this was previously described in literature. 9 For both films, the hot tack strength decreases strongly in a similar way at elevated temperatures (greater than or equal to 150°C). Film 3, with the sodium ionomer seal layer, shows a larger standard deviation compared with the other films. It has a low hot tack initiation temperature (90°C), then the hot tack strength slowly increases until a high peak value (0.41 ± 0.07 N mm −1 ) is reached at 115°C. The hot tack window is very broad (100°C-greater than or equal to 180°C), indicating that this film keeps a large portion of its strength at seal temperatures greater than or equal to 150°C. The superior hot tack performance of ionomers (high hot tack strength at low seal times and under a wide range of seal temperatures) was previously described in literature. 16 Both films 2 and 3 are evaluated as good hot tack performers because of a combination of hot tack properties (low initiation temperature, high peak value, and wide window).
| Evaluation and optimization of contaminated seal strength
The experimental design of the three films of this study is shown in Table 3 . At each of the parameter combinations defined by the design, In Tables 4, 5 , and 6, the coefficients of the terms included in the models for each film are summarized for clean seals, coffee contaminated, and blood powder contaminated seals, respectively. Nonsignificant terms were not included in the model, and therefore no coefficient is shown in the table. Based on these models, the settings of temperature, time, and pressure resulting in maximum seal strength were determined for each film-contaminant combination as described in the Methods section.
As a validation of the optima of the three films, the predicted optimal parameter settings, predicted maximum seal strengths, and limits of the confidence intervals calculated based on the validation experiments (CICon approach) are shown in Table 7 . in table) , are, respectively, 25%, 16%, and 63% for Figure 4 shows that there are more clean areas with contaminated seal samples with coffee particles compared with those with blood powder.
Seal pressure has a slight or no influence on the seal strength as shown in Tables 4, 5 , and 6. There is no significant effect of pressure Table 7 and the process windows of Taken into account the seal strengths of Table 7 and the process windows of Figure 5 , this film has the worst tolerance for these types powder is applied, blood powder has a more negative impact on the maximum strength than coffee powder.
The influence of variation in seal layer composition on the seal through contamination performance of packaging films is evaluated.
The film with the plastomer-based seal layer outperformed the other films with a higher seal strength, wider process windows, and a higher degree of leak tightness (evaluated with the dye penetration test). This film also has a better clean seal performance than the other ones.
Regarding the use of hot tack as a predictive test for the contaminated seal strength, it can be concluded that there are similarities in the comparison of films with metallocene and plastomer-based seal layer, such as the hot tack initiation temperature, window, and peak value. The hot tack results of the film with sodium ionomer, however, were not predictive for the contaminated seal strength.
The influence of seal technology, jaw geometry, and effective thickness and flow behaviour of the seal layer on contaminated seal performance can be subjects of further research.
